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Abstract: Wireless Underground Communication (WUC) is an emerging field that is being developed
continuously. It provides secure mechanism of deploying nodes underground which shields them from
any outside temperament or harsh weather conditions. This paper works towards introducing WUC and
give a detail overview of WUC. It discusses system architecture of WUC along with the anatomy of the
underground sensor motes deployed in WUC systems. It also compares Over-the-Air and Underground
and highlights the major differences between the both type of channels. Since, UG communication is
an evolving field, this paper also presents the evolution of the field along with the components and
example UG wireless communication systems. Finally, the current research challenges of the system are
presented for further improvement of the WUCs.
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1. Introduction

Wireless Underground Communication (WUC) is becoming popular because of the security
provided by its deployment methodology, i.e., far below the ground. Underground communication
was first observed in World War, however, its use was limited to radio propagation techniques only.
V. Fritsch and R. Wundt conducted the experiments, in 1938–1940, to study the propagation of radio
waves in underground coal mines using small transceivers in the ground. The communication range
varied depending upon the nature of the coal, however, an overall range of upto 1000 feet was
successfully achieved. In 1942, they conducted another experiment but this time in 100 feet thick salt
mine at the depth of 2000 feet. For this experiment, they used horizontal dipole antennas battery
operated transmitter and receiver. They were able to successfully communicate over a range of
15 km, i.e., 9–1/2 miles. They performed voice communication using the amplitude modulation.
The experiment was performed with extreme care and intelligence avoiding any noise or extra radio
signals at transmitter and carefully selecting the location of transmitter and receiver nodes at different
locations from each other. It was made sure that no measurable wave existed on the earth surface so
that true underground propagation can be studied. Since then, underground communication has come
long way with improvement in methodologies and equipment. This paper discusses the potential and
challenges of underground communication.

WUC is being used in many applications: border patrol, precision agriculture, and environment
monitoring. WUC mainly consist of two components: sensors and communication devices.
These components are either completely or partially buried in the soil. WUC aims to provide real-time
soil monitoring and sensing. In precision agriculture, WUC is mainly used for sensing and monitoring
of soil and other related physical properties [1–14]. The WUC are also being used to implement border
monitoring for stop border infiltration [15,16]. Other monitoring applications of WUS includes pipeline
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monitoring and landslide monitoring [4,14,17,18]. Other important component of WUC is the wireless
communication which is proved to be an emerging field of study as well. There exist few models in
the literature which represents underground communication. Underwater communication [19,20]
has same challenging medium as in underground communication. However, for underwater
communication, acoustic waves [19] are used instead of EM waves due to very high attenuation
of EM waves in the water. Acoustic propagation has its own disadvantages such as: low quality of
physical link and higher delays because of low speed of sound, extremely low bandwidth, challenging
deployment and size and cost of equipment. These disadvantages restrict the use of acoustic methods
for WUC.

Smart Farming [1–7,21–25] is an agricultural management process which exploits the spatio-temporal
changes in crop, soil, management and production with new technologies to improve the farming
experience. Smart farming employs large number of wireless devices to sense crop-related data and send
this data to a central control room or server center [26,27]. In recent years, sensing technologies have
evolved a lot. These advanced sensing methods are then combined with adaptive input applications
(e.g., adaptive application of fertilizers) and soil mapping methods for efficient operation.

The advanced sensing technology have risen the demand for increased data rate and extended
communication distance. As per the reports of Cisco’s visual networking index [28], by 2020, 11.6 billion
devices are predicted to be connected via Internet. The vastness of this number can be realized by
the fact that population of the world, by 2050, is predicted to be 10 billion, i.e., even less than number
of devices connected by 2020. To fulfill food requirement of the such huge population of the world,
it is imperative to utilize smart farming to its full extent for better and cost-efficient crop production
method through timely decision making and conserving natural resources. To that end, it is important
to achieve an ubiquitous connectivity on farms by using underground wireless communications
channel [21,26,29].

Wireless Underground Communications (WUC) applications can be classified into various
categories [30–32]. Some of them, for example, includes: environment monitoring such as precision
agriculture and landslide monitoring, infrastructure monitoring for better maintenance and operation of
underground infrastructure, e.g., preventing leakage, application for determining location can be helpful
in locating people stuck in disaster, and security monitoring applications, e.g., to detect infiltration at
border through concealed underground devices. Figure 1 shows some of these applications [6,33].

WUC and conventional wireless networks differs majorly with respect to their communication
medium. WUC sensor nodes communicate through soil where as over-the-air terrestrial wireless
network uses air as a medium to communicate. The signal propagation in soil is never investigated
properly before, in fact, electromagnetic (EM) wave propagation was not even considered a viable
option for underground communication. Therefore, feasible options and solutions are explored to
develop a power-efficient underground communications

There exists no detailed wireless channel model because of the challenges experienced in
developing power-efficient underground communication which also hinders the protocol development
in WUC. To overcome this, existing literature was studied in detail along with a very detailed and
time-intensive experiments [34–38]. The results from these experiments were analyzed over the period
of 18 months to generalize performance of underground communication channel. A summary of those
results can be found in [39]. It was found that many soil parameters (e.g., soil texture and moisture
and irregular soil surface), and antenna parameters (burial depth, antenna design, and operating
frequency) has effect on UG communication. It proved the underground channel dependence on
spatio-temporal environmental factors leading to a unique correlation of communication system
(information dn communication medium) with environment. Hence, in addition to operational and
deployment factors, an underground channel must not ignore these parameters.
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Figure 1. Use of Wireless Underground Communications (WUC) in different areas.

A wireless underground communications (WUC) model has been developed and presented in [39].
The model focuses on propagation model rather than antenna problem. The WUC model determines
the total signal attenuation and the BER (bit error rate) using three-wave components (direct wave
(DW), reflected wave (RW), and lateral wave (LW) factors), dielectric soil properties prediction model,
and the signal superposition model. In contrast to existing literature, WUC model captures the gain
from the directivity of special antennas instead of simple insulated dipole [6,22]. However, to avoid
over-complication of the model, antennas problem are not considered in this model because of large
number of antennas schemes.

The in-situ experiments were done without considering lateral wave component. If lateral waves
are also considered using special antennas, an extended communication range can be achieved using
the same transmitting power. The results obtained from the study helped in designing WUC systems.
A strong multi-hop networking solution among the buried nodes can be achieved with long range
(distance > 10 m) eliminating the topology dependency on above-ground devices.

In [39], authors have shown that depth has high effect on communication performance.
Through empirical evaluations, they observed that even a small change in depth can degrade the
communication performance. The difference in communication performance between topsoil and
subsoil is because of:

• Soil parameters. Both, topsoil, and subsoil, differs in soil texture and soil moisture [40] which
causes the difference in communication for both mediums [1,8,15,34]. For example, topsoil will
have more soil moisture level as compared to subsoil during rain or irrigation because it takes
longer for water to reach subsoil area [41].
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• Soil surface effects. LW and RW component plays an important role in signal strength of topsoil.
Therefore, topsoil signal experiences much less attenuation than subsoil.

It is preferred to have a shallow deployment of UG nodes in WUC because it decreases the
propagating path in the soil causing signal to suffer less attenuation. However, the depth is highly
application-dependent, e.g., for intruder detection, recommended deployment depth is 10 cm and
sport field irrigation, however, for precision agriculture depth of 40–100 cm is mostly recommended.

WUC does not contains only UG nodes. Hybrid WUC is a combination of underground (UG) and
above-ground (AG) [1,8,25]. As Hybrid WUC contains multiple types of devices, it also utilize multiple
type of links for the communication, i.e., above-ground to underground (AG2UG), underground-to-
underground (UG2UG), and underground-to-above-ground (UG2AG). Here, this paper focuses on the
characterization fo WUC UG2UG channel. Moreover, other channels, i.e., AG2UG & UG2AG channels,
can be characterized using WUC channel model.

Another method of underground communication, not given in Figure 2, is Through-The-Earth
(TTE). TTE is applied in areas like military UG communication, geophysical exploration, and mining.
It is mainly used to communicate in emergency situations for communicating with people stuck in
disasters, e.g., miners stuck in mines [42]. WUC & TTE, with all their similarities, faces completely
different set of challenges (see Table 1). For example, a typical depth considered for TTE deployment is
very deep (hundreds of meters) as compared to WUC (few centimeters). Therefore, they are considered
two different technologies in the literature [25,43,44].

Figure 2. The different types of networking in (WUC).

It can be seen in the Table 1 that most of the challenges faced by TTE and WUSN
challenges are related to the physical layer. TTE struggles in traversing rocks with long-range
communication, and WUSN struggles with long-range communication through soil. Soil moisture
highly effect the subsoil communication [15,34,35], therefore, it requires cross-layer approach [15,22].
Moreover, WUC need power-efficient nodes buried for long lasting operations.

Relative permittivity of a soil depends upon the signal frequency and Volumetric Water Content
(VWC), therefore, signal frequency indirectly effect the strength of the signal [45,46]. In addition to the
frequency, soil conductivity also has an effect on signal attenuation. This is in contrary to the popular
belief that signal is less attenuated under smaller frequencies. Hence, signal attenuation cannot be
estimated from only soil permittivity as other soil parameters are also involved [45,47].

Soil permittivity estimation has been investigated for specific range of frequencies. All such
studies conclude that frequencies around 1 GHz produce reasonable soil permittivity values and
are suitable for practical wireless under 300 MHz frequencies. However, as the frequency decreases,
wavelength of the signal is increased, consequently, increasing the antenna size. Hence, very low
frequencies, e.g., <300 MHz, are not feasible for WUC. In military WUC, the major requirement is to
get longer communication range, e.g., <10 km. To that end, military WUC use HF to LF frequency band
filter with huge antennas consuming more power. It is shown that the signal suffers with much less
attenuation under UHF band (300 MHz–3 GHz), and frequencies ranging from 300 MHz–1 GHz [34]
which makes them optimal to be used in practical WUC [27,48]. However, communication through
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the soil is different where the transmission signal suffers from various underground impairments.
Hence, in this paper, we collect the literature on communication, networking, and localization for
buried smart objects.

Table 1. Typical aspects for Through-The-Earth (TTE) and WUC scenarios.

Aspect TTE-Based Communication WUSN

Frequency range VLF/LF VHF/UHF

Maximum range (soil path) Up to hundred meters 5 cm to dozen meters

Bandwidth Very small: bps Small: Kbps

Network topology One-hop One-hop and multi-hop

Network density Sender-receiver or few nodes Hundred to thousand nodes

Underground channel noise Very critical aspect Small impact

Rock penetration Feasible Usually not feasible

Soil moisture Small impact Very critical aspect

Energy criticality Relatively small impact Very critical aspect

Node cost Relatively high Small

Communication protocol design Emphasis on the physical layer Cross-layer approach

Another important WUC protocol is LoRa (stands for long range) [49]. It is developed from chirp
spread spectrum (CSS) technologies and is a physical layer spread spectrum modulation technique.
CSS transforms a single bit information into a stream of bits spreading it over the complete spectrum.
It can operate over a three carrier frequencies: 433 MHz, 868 MHz, and 915 MHz. The most prominent
feature and one of the major reason to use LoRa over Wi-FI and Bluetooth is its ability to communicate
over a large distance. LoRa also has an advantage of being less prone to noise interference. The adaptive
data rate algorithm also helps in extending the battery life of sensor nodes [50]. Overall, LoRa is
a suitable choice and beneficial for IoT systems that requires to communicate over long range.
This paper does not discuss LoRa because it reviews UG communication in context of propagation
methods. However, LoRa is a complete communication system with its own protocol (LoRaWAN) and
specialized equipment focusing mainly on extending the range and lifetime of the sensor network.
Therefore, LoRa does not fit in the current scope of the manuscript.

This study review the work done in the field of underground communication. There are few
surveys in the literature which reviews different issues posed in WUC implementation. For example,
ref. [26] discusses the EM-waves based WUC for agriculture. In [51,52], MI-based WUC are
presented along with the challenges and applications. Ref. [26] also discussed various commercial
and academic testbeds deployed for WUC. Ref. [53] presents the challenges faced in implementing
the WUC in oil and gas environment. This survey stands out from others in that it extensively
explores the communication and networking solutions for the smart object buried and communicating
through the soil. Moreover, apart from the major communication technologies (EM and MI), it also
discusses the acoustic, mud-pulse telemetry and wired solutions for the underground communication.
Furthermore, this survey attempts to educate and pique the interest of new and experienced researchers
in the field. For new researchers, it presents the tutorial content on UG communication in first part
of the paper in Section 2. For the experienced readers, the surveys stands out in that it attempts to
summarize the current literature on popular as well as lesser-known implementation technologies.

The paper is divided into two major parts. First part of the paper is presented in complete Section 2.
Moreover, Sections 2–2.4 discusses the different aspects of WUC such as types of WUC channels,
difference between a traditional OTA wireless communication and UG communication, limitations of
OTA in UG environment, components and anatomy of WUC module, in an extensive manner. Part II
of the paper, i.e., Sections 3–8, presents a detailed literature review on propagation techniques that
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can be used for underground communication. The paper discusses electromagnetic (EM), mud pulse
telemetry (MPT), acoustic, magnetic induction(MI)-based and wired ways of communicating through
underground environment. Finally, Sections 9 and 10 concludes the paper by presenting the findings
of the survey in the form of future research directions and challenges. Figure 3 shows the complete
structure of the paper.

Paper
Structure

WUC 2
Signal Propagation

Techniques 3 Findings

OTA Limitations
2.1

Components of UG
communication 2.2

Types of Wireless
UG Channel 2.3

Anatomy of WUC
Modules 2.4

Electromagenetic 4

Mud Pulse Telemetry 5

Acoustic Waves 6

Magnetic Induction 7

Wired Communication 8

Future Directions &
Research Challenges 9

Conclusion 10

Figure 3. Paper Structure.

In Part II, paper focuses on channel modeling, localization and networking of the WUC
technologies of EM and MI based communication. Since, acoustic and mud-pulse telemetry are
relatively newer technologies and are still in development stages, therefore, only channel models are
presented for these two technologies. EM-based methods are presented in Section 4, MI-based in
Section 7, Acoustic-based in Section 6, MPT-based in Section 5 and, wired solutions in Section 8.

2. Wireless Underground Communication

Most commercially available solutions uses over-the-air (OTA) communications. One of the major
challenge in implementing OTA solutions is their unknown environmental impact. WUC employs soil
medium wireless underground communications. There are many license-free solutions (e.g., ZigBee,
Bluetooth and DASH7) available for short-range communication. These are used in Industrial, Scientific
and Medical (ISM) bands. Recently, FCC has loosened the restriction on using the TV white space
frequencies for farms [54] (Order No. DA 16- 307 Dated: 24 March 2016). Interference with other
licensed band is not expected in this space.

2.1. Limitations of Over-the-Air Wireless in Soil

There exist a many research challenges in development and widespread of WUC. These challenges
must properly be investigated. A centralized networking solution for WUC can be classified in to two
architectures: (1) One with only buried UG nodes communicating with the AG node using UG links,
and (2) Hybrid WUC employing both UG and AG nodes (static and mobile) to communicate through
UG and OTA links [1,36,55]. Apart from OTA links, UG2AG and AG2UG links are also being used
extensively. Therefore, multi-hop networking involving UG2UG links must be investigated in detail.

A detailed analysis of UG2UG communication must be performed to address the WUC challenges.
Obviously, all challenges cannot be solved owing to the challenging environment of WUC, however,
identifying and proposing solutions for the major challenges is also an important contribution in it’s
development. To this end, the WUC research challenges are discussed below:

Antenna problem: A radio communication can be analyzed theoretically in two phases: (1) the
antenna problem and (2) the propagation problem. WUC model is an underground propagation
model. A dipole antenna with an ideal isotropic radiation pattern can guarantee high accuracy
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with combination of generic antenna gains and initial decays. However, with unavailability of ideal
antennas, more practical approach would be to introduce specialized antenna factor for DW, RW,
and LW for more accuracy. Furthermore, performing empirical investigations using large number
of different values for burial depths, transmit power levels, and VWC, can precisely address the
antenna problem.

Adding antenna problem to underground channel model is a very complex task. The complexity
level increases a lot even if one component of antenna problem is added to the problem To understand
the complexity, consider an example of the radiation pattern of the antenna and its implied directivity
gain. Figures 4 and 5 shows how VWC impacts the radiation pattern of an antenna. First, change in
VWC changes the signal wavelength in soil which will also change the ration between the wavelength
of signal and antenna’s fixed length (17.3 cm). The given values are from Mica2 mote (a 1/4 monopole
antenna) antenna operating at 433 MHz. The length/wavelength ratio considers two times of Mica2
antenna length, e.g., 34.6 cm, and half the wavelength of signal in soil or air. the two-fold increase
in length is mandatory because a 1/4 monopole antenna is same as 1/2 dipole antenna with ground
structure representing half of the antenna. Therefore, 1/2 ratio for a half-wave dipole is shown for the
comparison. VWC causes decrease in wavelength which in turn increase the length/wavelength ratio of
antenna. ratio.
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Figure 4. Effects of the VWC on the ratio between antenna’s length and wavelength of the signal [37].

Figure 5 plots the elevation pattern of a linear dipole antenna (oriented vertically) with length
measured in wavelengths units [56]. the change in antenna′s length/wavelength ratio (Figure 4) is
represented as different radiation pattern (Figure 5). VWC causes increase in ratio making the behavior
radiation pattern monotonous.

The antenna problem differs with type of antenna and orientation of antenna and should be
addressed accordingly for each antenna scheme. However, all antenna schemes are not suitable for
underground communications. Therefore, it is recommended to identify antenna schemes which can
improve the performance of UG2UG, UG2AG, and AG2UG links to support WUC channel model with
adding more antenna models. A possible solution is suggested along with th results in [35,36,57–61].
It uses an ultra-wide band antenna for UG2AG and AG2UG links and traveling-wave antenna to study
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lateral wave propagation in UG2UG links. An empirical investigation must be done to evaluate the
solutions for different depth and transmit power level.

Figure 5. Volumetric Water Content effecting radiation pattern monopole antenna [37].

Burial depth: The existing results show a strong relation between depth and communication
performance. Adjusting depth can significantly extend the communication range with using high
power transceiver. This has been discussed in [34,62] and it has been said that there are some design
constraints in WUC which cannot be violated. For example, in crop irrigation, nodes must be below
the topsoil region where plowing happens.

In WUC model, burial depth can be defined as the distance between antenna center and soil
surface. Hence, burial depth of sensors and radio modules has no effect on the model but antenna’s
depth does. Therefore main challenge is the antenna deployment in topsoil such that they are resilient
to the mechanical activities being performed in their vicinity. One solution is installing and removing
nodes while these activities, however, it increases the cost of deployment. Besides cost, installation
and calibration of soil sensors is also a time taking process. In some scenarios, where sensor(s)
and processors are permanently fixed in subsoil, easy installation/removal is only possible for
communication module near to soil surface (see Figure 6). In such cases, sensors are fixed and
long-range communication module is the only removable module. This module require a short-range
transceiver (with deeply buried sensor nodes) and a transceiver which enables communication between
above-ground devices and other long-range modules. There is a need to investigate best value for
burial depth (including dbg = 0) for such long-range module.

Housing for the sensor nodes: In some WUC, concealment of sensor nodes is more important
than high depths. One solution is to use plastic boxes which can conceal processor, communication
module and antennas. However, it has never been investigated in detail for UG2UG communication
and preliminary experiments shows completely different effects on communication performance.
A scenario using stratified media (air/soil) must also be analyzed for UG2UG links in WUC.

Direct and reflected waves: So far, communication through lateral waves has been presented
as a power-efficient solution to achieve a long range UG2UG communication. WUC model can be
modified into a simple LW model. However, it is not recommended to do so, because the short range
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communication is mainly based on DW (Figure 6). Some components of WUC model can also be
used in development of UG2AG/AG2UG channel models. Inter-node distance can be increased using
directional antennas and high-power transceiver.

Figure 6. The WUC deployment.

Lateral waves: There is a need of detailed empirical and theoretical evaluation of lateral wave
propagation for UG2UG links in WUC. The results discussed are highly limited by the power-efficient
transceiver and antennas. Special antennas and high-power transceivers must be used to achieve
long-range communication. It will contribute towards complete validation of WUC model.

Effect of using terminated traveling-wave antennas needs to be studied. These antennas were
used for underground communication previously [30,48,57–59]. Therefore, these studies can be
re-investigated for a typical WUC scenario with modified deployment parameters. The power
requirements of multi-hop LW/UG2UG technique and centralized one-hop UG2AG/AG2UG must be
studied in detail to give extremely important power related guideline for developing WUC.

It is also important to study the impact of snow, water and obstacles in surface on UG2UG links
communicating using lateral waves. The results from such studies can further complement WUC
model. These studies can be used for security purposes, e.g., detecting intruder in border patrol
application. The detection process uses the disturbance of wireless channel (Figure 7).

Figure 7. Lateral waves can potentially be applied in security applications for WUC.

UG2AG and AG2UG channel models: A detailed channel model for UG2AG and AG2UG links
must be developed. There exists no generic model which can be applied to all WUC. There are some
preliminary empirical investigation done by [35,36,63], however, an in-depth theoretical analysis is
still needed. Overall power requirement for such solution also needs to be investigated. Lateral wave
propagation already has its application in UG2UG links. However, a comparative study for the power
budgets of multi-hop LW/UG2UG approaches and centralized one-hop UG2AG/AG2UG is required.
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2.2. Components of UG Communications

In UG communications, UTs are completely concealed. It reduces the operational cost and external
impact from the environmental and weather changes [3,25]. Buried radios (UTs) can communicate
in any one of the two scenarios: (1) communication with devices above the ground termed as
Above-ground (AG) communication, (2) communication between the UTs is termed as Underground
(UG) communication. Furthermore, soil-air interface effect the AG communication links. Due to
interface, these links are not symmetric and must be analyzed bidirectionally, i.e., UG-to-AG and
AG-to-UG communication. It shows that in order to achieve multi-hop connectivity, a practical distance
for UG communication is limited to 12 m. For AG communication, a communication range up to 200 m
is possible. If the UG communication medium is soil, it can have effect on success of the communication
is following six ways:

• Changes in Soil Bulk Density and Soil Texture: Electromagnetic (EM) waves suffers
from attenuation in the soil. Soil is composed of various components such as pore spaces,
clay, soil and silt particles. There can be 12 soil textures depending upon relative concentration of
these particles [21,64]. Bound water is the major component responsible for EM waves attenuation
in the soil. The amount of bound water varies from one soil type to other. For example, sandy soil
has less bound water from silt loam and silty loam, hence, it suffers from lower attenuation.
Similarly, medium textured soils holds more water than coarse soils because of lower pore size.

• Volumetric Water Content (VWC) of Soil (Soil Moisture): The effective permittivity of a soil is
a complex number. Therefore, in addition to diffusion attenuation, EM waves suffers attenuation
due to absorption of water content by the soil [3,34,65]. Dielectric spectra conductivity of the soil
is dependent on SM. For a dry soil, dielectric constant is in the range of 2 and 6 and conductivity
is in the range of 10−4 to 10−5 Si/m. For a near-saturation level soil, range of dielectric constant
is 5 to 15 and that of conductivity is 10−4 to 10−5 Si/m [66]. Coherence bandwidth of UG channel
is a few hundred KHz [8,24,25]. Coherence bandwidth changes with the change in SM which
makes the designing process more challenging.

• Distance and Depth Variations: EM waves attenuation also depends upon travel distance and
path and WUC sensors are normally buried in the top sub-meter layer. Therefore, received
strength of the signal distance and depth of antennas. In WUC, sensors are buried in subsoil
layers and topsoil [26,35,36]. Burial at higher depth causes higher attenuation [8].

• Antenna in Soil: Return loss of buried antenna varies due to high permittivity of soil [43,67].
SM variations changes soil permittivity which in turn causes variations in return loss. Resonant
frequency is shifted to lower frequency spectrum due to change in return loss. Moreover,
achieving high overall system bandwidth also becomes challenge for UG communications.

• Change in Frequency: The path loss resulted by attenuation is dependent on frequency [68].
High frequencies suffers high attenuation because water absorption is major factor in higher
frequencies. The soil EM waves have shorter wavelength as compared to EM waves in the air
because of higher permittivity of the soil. Channel capacity in soil is also determined by operation
frequency [67].

• Lateral Waves: Underground nodes communicate with each other using anyone of the three
major paths: direct, lateral and reflected (LDR) waves [3,6,24,25]. Direct and reflected waves
are most effected by above-mentioned challenges because their complete travel path is through
the soil. On contrary, lateral waves can travel on soil-air interface in air, hence, they experience
lowest attenuation among all. Therefore, lateral waves are the most important component to
consider while extending the UG communication range.

• Developments in WUC: UG communications have evolved a lot since its inception. A lot of
work is done for the characterization of UG channel and cross-layer communication solutions to
get long communication range and high data rate. In [6,44], authors capture and analyze impulse
response of UG channel through detailed experimentation.
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A total of 1500 UG green-house testbeds has been developed to analyze the effect of soil moisture
and soil texture on wireless UG communication channel. These experiments helped in developing
main characteristic of wireless UG channel impulse response such as: root mean square delay spread,
coherence bandwidth, and power of multi-path components. It also validates main components of
UG channel, i.e., direct, lateral and reflected waves. The coherence bandwidth is decreases with the
distance in soil, e.g., it is shown in [6] that coherence bandwidth lower than 1.15 MHz can decrease
upto 418 kHz when distance increase more than 12 m in soil [6]. Root mean square delay spread is
affected by the soil moisture needs tp be adapted to changing moisture value. In [22], an important
statistical model for UG multi-carrier communication and soil moisture adaptive beamforming is given
for WUC solutions.

2.3. Types of Wireless Underground Channel

Lateral waves have been extensively used in UG communication [33,57,69,70] and empirically
evaluated by [57–59]. Special antennas (eccentrically insulated traveling-wave (EITW) antenna) are
used for empirical evaluation. Underground lateral wave communication is empirically evaluated
through following UG2AG experiment setup: burial depth is 40 cm, above-ground antenna and soil
surface were separated by the distance of 55 cm, transmit power level is maintained at +30 dBm,
and 144 MHz frequency is used. The study [57] was successful to achieve long communication range
of 50 m [71].

In [72–74], authors performed experiment to empirically evaluate UG2AG communication.
The experiment setup for this study is given as follow: Terrestrial commodity sensors MicaZ [75] motes
were used as UG node, operational frequency of 2.4 GHz, burial depths of 0, 6, and 13 cm, and transmit
power level of 0dBm was used. The experiments was performed in two sets of sender-receiver scenario.
Both sets differed with respect to distance between soil and receiver. For first set, the receiver was
kept on the soil (distance = 0 m) and the second one had a distance of 1 m between soil and the
receiver. The UG2AG communication was evaluated for two metrics: packet error rate (PER) and
received signal strength (RSS). First experiment was used as baseline experiment to compare it with
the second experiment. It was observed that node buried at 13 m depth was able to communicate at
maximum horizontal distance of 2.5 m and node at 6 cm depth achieved a maximum of 7 m horizontal
communication range. Hence, it shows that attenuation is inversely proportional to the path covered
by the signal in the soil. The study achieved the PER of 10% [76–78].

In [55,79,80], a uni-directional UG2AG communication model was studied with the effect of
reflection dielectric effect of soil surface on the signal attenuation. They validated the model by
performing the laboratory experiments. The experiment setup was as follow: SoilNet was used as
sensors node, operational frequency was 2.44 GHz, transmit power of +19 dBm was used, and sensor
were buried at different depth ranging from 5–9 cm. The strength of the received signal was measured
by a soil probe. It was observed that for soil width of 1 to 7 cm, signal attenuation was increased up
to 25 dB. However, 10 dB of attenuation was attributed to increased VWC (0 to 35%) in soil [29,52].
Moreover, bulk density and bulk electrical conductivity had a negligible effect on signal attenuation.
The results confirms the empirical results given in [39].

UG2AG communication model has also been developed using customized sensor nodes [30,60].
model using a customized sensor node: Soil Scout. The experiment setup had an operation frequency
of 869 MHz, transmit power of +10 dBm. It used ultra wideband elliptical antenna [52,81,82] for
underground communication [9] and model validation. The model predicts signal attenuation on the
basis of (a) reflection effects of the soil surface, (b) dielectric loss of the soil, and (c) refraction effect of
EM waves at soil surface (angular defocusing). It was shown that wideband antenna radiation pattern
is independent of soil texture and soil moisture and showed efficient radiation in different soil type
with varying soil moisture levels. The study [60,83,84] was successful to achieve long communication
range of 30 and 150 m at the burial depths of 40 cm and 25 cm, respectively.
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In [85–87], experiments are performed using customized sensor nodes. The experimental setup
uses burial depth of 10 cm, operational frequency of 868 MHz, and transmit signal power of +10 dBm.
AG2UG and UG2AG communication links are evaluated by performing empirical experiments [35].
It uses Mica2 motes as sensor nodes, operational frequency and transmitting power are 433 MHz
and +10 dBm, respectively. Moreover, they use an ultra-wide band antenna [25,82] which ends up
improving communication range significantly by effectively communicating at 22 m and 37 m at the
depths of 35 cm and 15 cm, respectively. Similarly, [36] performs AG2UG and UG2AG experiments
with Mica2 motes for precision irrigation application [88,89].

Although UG2UG communication has been investigated a lot in the existing literature, however,
there is still a gap in literature for detailed UG2UG communication channel characterization in
subsurface soil region. Only few studies [15,31,34,62] have performed theoretical and empirical analyses
of UG2UG communication link. Therefore, a detailed characterization of UG2UG communication
channel is presented in the coming sections.

2.4. Anatomy of a WUC Module

The underground nodes currently used in WUC testbeds suffer from several shortcomings.
These shortcomings lead to reduced communications performance in WUC, reduced experimental
effectiveness, and higher costs. To address these faults, there is need of nodes tailored to WUC.
The following capabilities are desirable in these nodes [39,90]:

• Environmental Factors: The current generation of WUC nodes is designed to support academic
research, primarily in a laboratory setting. As a result, the nodes lack several important
features that aid in deployments in uncontrolled environments. First, the WUC nodes cannot
be reprogrammed without interfacing to a special hardware board. If the devices are to be
reprogrammed in the field, they must either be dug up, or each mote must be deployed with the
additional hardware programming board. Digging up the WUC nodes is a time-consuming and
difficult process. Deploying the additional hardware to reprogram the WUC nodes underground
is expensive, and complicates deployments [39,70,90].

Second, the these nodes cannot be recharged remotely. If the batteries are exhausted during an
experiment, a buried mote must be dug up, and the batteries replaced. Again, this is an extremely
time consuming operation, and the performance of an experiment may be suboptimal until the
node is replaced [31,84,88].

• Propagation: While the current experiments demonstrate the viability of WUC, the performance
could be further enhanced by tailoring the radio of the mote to the needs of the underground
networks. The radios of the current WUC nodes are designed to transmit over the air.
The parameters are of the radios are not well matched to the the environment of WUC in
terms of transmit powers and frequencies. The existing WUC nodes can be modified to better
match the desired parameters, but this is not as effective as choosing a radio specifically matched
to the needs of a WUC node [33,52].

• Sensing: The sensor packages that can be deployed with the current generation of WUC nodes
do not collect all the information desired on the underground environment, or contain many
extraneous sensors that are not useful for WUC. The extraneous sensors increase the cost of
deploying experimental testbeds.

These areas can all be improved upon with a node designed specifically for WUC. In the next
section, the design of a mote specifically created for WUC will be presented. This new mote will
address the sensing, communications, and power needs of nodes in a WUC.
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To address the challenges raised in the previous section, a WUC node should be designed to
operate on limited power reserves, monitor the underground environment, and communicate the
results to aboveground nodes. The design of the different desirable aspects of a WUC node is described
in the following sections [39,90,91].

1. Transmitter/Receiver: The radio should feature a high transmit power, and should be able to operate
on a variety of sub-1GHz frequencies that are suitable for WUC [89]. The radio implementation
can be adopted to the specific needs of the antennas and RF environment of WUC, to increase the
transmission range and capabilities of the device.

2. Microcontroller: The microcontroller should have the ability to provide processing power [6].
One such example is the MSP430 that is extremely energy efficient, also extends the lifetimes
of the deployed sensors. The MSP430 can interface to a variety of sensors, communication,
and storage devices.

3. Sensors: The WUC node should contains a built in accelerometer and temperature probe,
and should be able interface to an external soil moisture sensor. This combination of sensors
enables the node to accurately measure the characteristics of the underground environment.
These measurements can adapt the behavior of the radio to its environment in real-time.
Accordingly, the sensor readings can be used to assess the viability of energy harvesting through
kinetic vibrations [8].

4. Data Repository: The WUC nodes should have a on-board micro-SD card for storage. This large
storage space can be used to store extensive sensor readings for long term monitoring of the
underground environment. By including this large storage capability, the system can sense at a
much higher rate than it can transmit information. After an extended deployment, the information
from nodes can be recovered, and a highly detailed model of the underground environment can
be developed from the saved sensor readings [22].

5. Energy: The WUC node should support a variety of energy sources with energy harvesting and
external power transfer support that enables the system to sense at higher rates and operate for
longer periods of time than the current generation of WUC nodes [39,90,92]. Moreover, the nodes
should also support recharging through a USB cable that should be accessed from above-ground
after the node has been deployed. Accordingly, the device can be recharged quickly in the field,
without the need to remove a node and redeploy the in the testbed. Accordingly, the mote can be
enhanced with kinetic energy harvesting capabilities that will further increase the lifetime of the
WUC nodes.

3. Signals in the Soil: Propagation Techniques

In this section, the recent advances in propagation techniques for signals in the soil are discussed.
A detailed overview of different signal propagation techniques is given. A comprehensive review
of research challenges EM-based propagation techniques and networking is done. The evolution of
underground wireless is also discussed. Moreover, different component of the of UG communications
are Wireless. The WUC system architecture is explained with a detailed discussion of the anatomy
of an underground mote. The examples of ug wireless communication systems are explored.
Furthermore, the differences of UG Wireless and Over-the-Air Wireless are debated. Different types of
wireless underground Channel (e.g., In-Soil, Soil-to-Air, and Air-to-Soil) are reported as well.

WUC implementation is challenging because of its unfavorable condition and environment.
The challenging environment of WUC puts some operational constraint on all of its components.
These constraints are low-power sensing, long-range communication, efficient networking and accurate
localization. Significant difference between WUC and in-air IoT lies in deployment of sensor nodes,
i.e., underground, and communication medium, i.e., soil instead of air. Sensing has been discussed
with great detail in Chapter 10. This section explores some communication systems which can be used
in the implementation of WUC [6,93].



Smart Cities 2020, 3 1526

Soil, as opposed to air, is a heterogeneous medium consisting of sand, rock, watersheds which can
have severe degradation effect on signal propagation. There are different technologies that can be used
for WUC. The wired solutions uses coaxial cables and fiber optics. Wired solutions provide high data
rates and are being used in different applications [78,94,95]. Although, these wired solutions provides
reliable and accurate communication, however, they increase the complexity and poses scalability
issues. Given the disadvantages of wired systems, wireless solutions are termed as feasible solutions
to provide relatively low complexity and scalable solutions.

Wireless underground communications with magnetic induction (MI) has also been studied
in [5,96–100]. However, there are limitations to MI based solutions. Their signal strength attenuates
with inverse cube factor and have very low data rates. MI communication is also dependent on
position of receiver and sender as it cannot communicate if both receiver and sender are perpendicular
to each other. Furthermore, long wavelength of the magnetic channel does not allow network to scale.
These disadvantages of MI and its inability of communicating with the above-ground devices MI is
not suitable for WUC.

Some literature [65], and [83,101] has performed channel models for underground communication
without empirical validation. Integration of WUC and precision agriculture cyber-physical systems
and center-pivot systems is given in [3]. Underground channel is empirically evaluated in [34,35],
however, they did not consider the antenna bandwidth for evaluation. A 2-wave path loss model is
developed by the authors in [101], without considering the lateral waves. Path loss prediction model
has been proposed in [79] but underground communication is no considered. In [14], authors develop
an underground communication model for mines and road tunnels. However, it cannot be used
in WUC die to difference in wave propagation in tunnel and soil. A model is proposed by [65,102]
for closed-form path loss with lateral waves but this simple model cannot capture statistics and
impulse response of the channel. Researchers have also characterized coherence bandwidth of the
underground channel [6].

Underground wireless communication is a developing field and there is no detailed discussion
about the channel capacity in the literature. Capacity of single-carrier underground communication
channel has been discussed in [67]. This discussion, however, does not consider practical modulation
scheme and does not perform the empirical validation. In [8], the authors perform the capacity
analysis of multi-carrier modulation in underground channel on the basis of empirical measurements
of coherence bandwidth, channel transfer function, and return loss of antenna under three different
types of soil and different soil moisture conditions.

WUC antennas are different form traditional communications antenna in that they are buried
in soil. In 1909, study of EM waves propagation started from the Somerfeld’s seminal work [103].
For the complete 20th century, EM wave propagation in subsurface stratified media and effect of
medium on EM waves has been investigated thoroughly in many works [104–114]. This work analyzes
the electromagnetic fields of infinitesimal dipole of unit electric moment, however, it is desirable
to use finite size antenna with already known field pattern, current distribution and impedance for
practical purposes. Field calculations and dipole numerical evaluations for lossy half space was first
studied in [115]. In [113], authors extensively analyze the propagation of EM wave along the interface.
However, this work does not apply to underground buried antenna. Buried dipole were analyzed
in lossy half space in [109]. The authors presented the ground wave attenuation factor of far-field
radiation from UG dipole and depth attenuation factor using two vector potentials. However, it does
not consider the current reflected from the soil-air interface. In [105], authors calculate the field
component per unit dipole using Hertz potential. The difference between the study in [105,109] is that
the former ignores the displacement current in lossy half space. Authors in [112] gives the Hertzman
dipole in an infinite isotropic lossy medium. EM fields are improved by considering lateral waves and
half-space interface in [116,117].

Studies in [118–120] analyze antennas in matter where antennas EM fields have been theoretically
derived in half space and infinite dissipative medium. These analyses assume perfectly matched dipole
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antennas, hence, not considering the return loss. Relative gain expressions and radiation efficient of
underground antennas are developed in [108,114]. However, it did not present the empirical results.
The impedance of dipole antenna inside the solutions is evaluated in [121]. It discusses the effect of
antenna depth, dipole length, and solution’s permittivity. However, this work cannot be used in WUC
because of difference in permittivity characteristic of soil and solutions. Moreover, it does not consider
permittivity change due to soil moisture. The communications between the buried underground
antenna without considering the impact of orientation and impedance of antenna is studied in [122].
Another work [71,123] conduct the performance analysis of four antenna buried in refractory concrete.
In this work, the transmitter is buried at 1m depth and author does not consider the concrete-air
interface. Circularly polarized patch antenna are analyzed in [124]. It does not consider the interface
effect and antenna is buried at 3 cm depth in concrete.

Current WUC applications and experiments calculate the soil permittivity by using soil dielectric
model [15,47] which evaluates to actual wavelength used for the antenna design [31,60]. In [60],
an WUC-based elliptical planar antenna is designed. It, using the same frequency, compares the
antenna wavelength in soil and air to determine the size of the antenna. However, this methodology
lacks in providing impedance match. Results from the experiments on Impulse Radio Ultra-Wide
Band (IR-UWB) WUC without considering the effect of soil-air interface are presented in [125].
The surface-based lateral wave antenna are designed in [126], however, they do not considers the
underground scenarios.

Impedance change in soil cause disturbance. This is similar to the disturbance caused by
impedance change of hand-held device in close proximity with human body [127,128] or that
by devices which are implanted in the human bodies [129,130]. Experiments results obtained
from these applications shows that the human body contributes to performance degradation of
antenna. Even these studies are similar, they still cannot be used in WUC because of the difference
between the permittivity of soil and human bodies. Permittivity of human body is greater than the
soil. Moreover, permittivity of human body is static whereas soil has varying permittivity mainly
dependent upon the moisture. For example, at frequency of 900 MHz, human body has permittivity of
50 [128] and that of soil with 5% moisture is 5 [47].

Beamforming has been investigated for over-the-air wireless channel [131–137] and MI power
transfer [138]. However, there exist no work in the literature on UG beamforming. Using beamforming,
lateral components [120] in UG communications can go to the longer distance which is normally
limited to 8–12 m owing to high level of attenuation suffered because of soil [6].

There has been discussion on soil permittivity and soil moisture in the literature. Here some of
those techniques are discussed for comparison purpose. This comparison will highlight the difference
and similarities between different techniques. Some of the method used for quantifying water content
in the soil includes: gravimetric method, GPR, TDR, capacitance probes, hygrometric techniques,
tensionmetry, nuclear magnetic resonance, resistive sensors, gamma ray attenuation, electromagnetic
induction, remote sensing, neutron thermalization, and optical methods.

Firstly, techniques which are used in laboratory for the soil properties estimations are discussed.
laboratory based. Authors in [139] soil density, soil moisture and frequency to derive EM parameters
of the soil. The model restricted soil moisture weight to 20% and it need rigorous methods of sample
preparation. Authors in [140] develops a probe-based lab equipment which uses vector network
analyzer (VNA) in the frequency range of 45 MHz to 2.6.5 MHz. In [141], a model for estimating a
dielectric permittivity of soil is developed on the basis of empirical evaluation. Authors in [68] develops
tyje model for dielectric permittivity for frequencies greater than 1.4 MHz. Peplinski in [47] modify
this model to work in the frequency range of 300 MHz–1.3 GHz. A detailed survey for soil permittivity
estimations is given in [140]. All of these methods are performs in laboratories and requires soil sample
from the site. Collecting soil sample from the soil is very labor intensive and do not represent he
in-situ soil conditions. Therefore, it is required to developed automated techniques for monitoring the
soil moisture.
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Another approach of measuring soil properties is given in [142]. It is based on TDR and require
refractive index and impedance of soil. A technique to estimate of EM properties of soils for detecting
Dense Non-Aqueous Phase Liquids (DNAPLs) hazardous materials using Cross-Well Radar (CWR)
is given in [143]. This technique transmits wideband pulse waveform in the range of 0.5 GHz to
1.5 GHz. It also calculates soil permittivity with transmission and reflection simulations in dry
sand. The well-explained survey on measurement of time domain permittivity in soils is presented
in [144]. For TDR-based approaches, it is required to install sensors at each experiment location.
However, in order to make effective decisions in agriculture, real-time soil moisture sensing is the
primary requirement.

Many studies have been proposed to investigate antenna related soil properties. An attempt
to measure electrical properties of earth using buried antenna has been proposed in [145,146].
However, this method requires measuring the input reactance for obtaining electrical parameters
of the material, and length of antenna is also required to be adjusted to get zero input reactance.
Fresnel reflection coefficients is used to estimate GPR-based soil permittivity with soil antenna [147].
However, they do not provide empirical validation and also require a complex time-domain analysis.
In [148], dielectric properties of soil are presented using wideband frequency domain and frequency
range of 0.1–1 GHz. It uses impedance measurement equipment (LCR meter) and VNA. In [149,150],
complex dielectric properties of soil are measured using frequency domain method which requires
placing soil in the probe.

Soil moisture and permittivity can also be measured by using GPR method. Ground permittivity
is estimated by correlating ground dielectric properties with cross talk of early-time GPR
signal [151]. However, GPR method requires calibration and work only for shallow depths (0–20 cm).
Furthermore, soil moisture measuring technique cannot be limited to a certain burial depth. Another
important method of measuring soil moisture is through remote sensing. Remote sensing has high
range of measurement [152] and is sensitive to soil water content [153]. There are two major type of
remote sensing: active and passive. Passive remote sensing [154] has low spatial resolutions which can
be improved by active remote sensing technologies, however, active methods limits the soil moisture
readings to few centimeters of the topsoil which highly effect the readings taken [155,156].

Wireless solutions are classified on the basis of technology they are using to transmit information.
These solutions includes: Electromagnetic waves (EM), magnetic-induction (MI), acoustic waves
and VLC. Acoustic wave are used for detection purposes, e.g., detecting objects in underground
environment [157] and detecting water content in the soil. the disadvantage of using acoustic-based
system is the low data rate and high noise and attenuation [30,158]. Em waves has transmission range
of few meters to centimeters. However, its range is highly dependent upon the frequency being used.
It is mostly used in agricultural applications [26]. EM waves suffer high signal degradation due to
different heterogeneous nature of soil. MI-based systems needs transmitter and receiver coils to be
perfectly aligned which is one of the major hurdle of underground environment. MI-based systems are
still in research phase and needs improvement. Finally, VLC solutions are being investigated to be used
for underground communication ni gas reservoir. However, VLC light propagation is highly effected
by the gas and requires LED and photo-detector to be perfectly aligned. In short, these technologies are
in research phase only and are only tested in labs yet. In coming sections, all of these communication
systems are discussed in detail.

4. Electromagnetic Waves

EM waves are used for communication in WUC-based agriculture [3,159], oil and gas [160–162],
and seismic exploration [163]. This section focuses on presenting work being done in channel modeling
and networking for EM waves in WUC systems.
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4.1. EM Channel Modeling

EM channel modeling started from early 70’s of 20th century. Authors of [164] studied
underground EM propagation for the frequency range of 1–10 MHz. They performed experiments
in different type of soil and concluded that low frequencies fo EM spectrum simplifies the analysis,
however, have the disadvantage of limited bandwidth and time of arrival pulses had low resolution.
Therefore, high frequencies were used. Although, Higher frequencies causes higher attenuation but
suffers from low dispersion. In [165], EM wave propagation is studied in multiple layers of soil using
Fourier transform. In [166], impact of earth electrical properties of the earth, i.e., conductivity and
dielectric constant, on EM propagation is studied. They found that these electrical properties of earth
plays an important role in selecting antenna size, antenna efficiency, transmission loss, dispersion and
phase shift. In [167], William et al. measured EM propagation in borehole for high frequencies without
considering the effect of reflections dn refraction. The path loss model of [48,167] is given as:

Pr

Pt
=

f (θ)Gt Are−2αd

4πr2 (1)

where

Pt = Transmitted Power
Pr = Received Power

f (θ) = Effective elevation radiation pattern
Gt = Transmitting antenna gain
Ar = Area of the receiving antenna
α = Attenuation constant
d = Separation distance between transmitting and receiving antenna
r = Distance between the antennas

In [168], data rate of 1bps (without repeaters)—100 bps (with repeaters) was achieved for
borehole communication. Authors in [169], studies the impact of different component of underground
environment, e.g., soil characteristics, soil moisture, network topology, antenna characteristics on EM
waves communication. They performed experiments for eh frequency range of 1–3 MHz. Similarly,
ref. [76,169] shows the increase in attenuation with increasing humidity and frequency, ref. [170]
conducts sub-soil experiments for 300–500 MHz frequencies, and ref. [171] investigates the EM
attenuation for drilling telemetry system.

In [101,172], authors used the Friis equation to formulate the pass loss calculation formula in
soil as:

Pr(dB) = Pt(dB) + Gt(dB) + Gr(dB)− Ls(dB), (2)

where Pt is a transmitted power, Pr is a received power, Gt is gain of transmitted antenna, Gr is the
receiver gain. Here, Ls is the path loss in the soil which is calculated as Ls = L f + Lu. L f is the path
loss in the free space and Lu is the path loss in soil medium. Lu is calculated as Lu = Lα + Lβ where Lα

is the path loss due to transmission loss and Lβ is the difference in wavelength of EM wave in soil as
compared to air. Ls is calculated as:

Ls = 6.4 + 20log(d) + 8.69αd + 20log(β); (3)

where d represents the Euclidean distance, α denotes the attenuation constant, and β represents
the phase shift constant and both of the quantities rely on dielectric properties of soil. Peplinski
principle [47] gives dielectric constant as a complex number:

εs = εr − jεi (4)
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where εr is the real part and εi is the imaginary part. The real part is calculated as:

εr = 1.15
(

1 +
ρb (ε

ᾱ
x)

ρs
+ mβ̄

v εᾱ
f −mv

) 1
ᾱ

− 0.68, (5)

In above equation ρb is the bulk density, ρs is the density of solid soil and its value is 2.66,
β̄ = 1.2748 − 0.519S − 0.152C, mv represents the water volume fraction, and , ε f represents the effective
conductivity and is given as:

ε f =
ε0 − ε∞

1 + (2π f τ)2 + ε∞, (6)

where ε0 is the static dielectric constant with value of 80.1, ε∞ is the high frequency limit and its value
is 4.9, τ is the time taken by the water to relax, and f is the operating frequency [173]. εi, imaginary

part, is given as
(

mβ̃
v εᾱ

f

) 1
ᾱ
. In the imaginary part, β̄ = 1.33797 − 0.603S − 0.166C. The attenuation

constant α is calculated as:

α = 2π f

µεr

2

√1 +
(

εi
εr

)2
− 1

 , (7)

where µ gives the magnetic permeability. β, phase shift constant, is calculated as:

β = 2π f

µεr

2

√1 +
(

εi
εr

)2
+ 1

 . (8)

From Equation (7) and (8), it can be seen that EM propagation loss depends upon number of
factors including composition of the soil, soil moisture, soil bulk density and frequency of operation.
Moreover, it is possible to have multiple paths between transmitter and receiver [88]. This scenario is
investigated by [101] which gives the path loss in presence of multiple paths as follow:

Lt = Ls − Lv, (9)

Lv, in Equation (9), is the path loss for the second path and is given as:

L2
v =1 +

(
γ exp(−α∆(r))2)

− 2γ exp(−α∆(r))

cos
(

π −
(

φ− 2π∆(r)
λ

))
,

(10)

In above equation, γ is amplitude, φ is the phase reflection coefficient, λ is the wavelength,
and δ(r) = r − d is the path difference. The channel model in Equation (10) is used by the [37] to
create a testbed for UGWSNs and [174] compares the theoretical and actual measured values in testbed.
In [32,175], authors give the path loss formula in Terahertz band (0.1–120 THz) as follow:

Ltot = Lsp + Lw + Lo (11)

The above equation uses three different types of loss namely: loss due to water absorption
(Lw = kw( f )d), spreading loss (Lsp), and loss due to oil absorption (L0 = k0( f )d). Lsp is given as(

4π f d
c

)2
where, f , d, and c are frequency, distance and speed of light, respectively. This THz model

achieves higher capacity, however, suffers in communication range. Hence, lower frequencies are used
by [174,176] for acheiveing long communication range. They use frequency range of less than 500 kHz.
The received power in [174,176] is given as:
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Pr = κ
exp−2αd

d2 , (12)

where κ = Ar cos θ
2η

(
Iµ0ω
4π

)2
, θ, η, µ0, I, and ω denotes phase angle, intrinsic wave impedance,

air permeability, current and angular frequency, respectively.
Furthermore, [177–179] studies the effect of carrier frequency, transmission distance, type of

modulation, and depth for Underground Wireless Sensor Networks (UGWSNs). In [21,180],
author proposed the code division multiplexing scheme for improving the battery life and signal-to-noise
ratio. Upto 124 Mbps of data rate is achieved for a transmission distance of 12m using a multi-carrier
modulation [76,180]. A system named as Di-Sense was proposed in [8,55,80] to calculate the permittivity
of soil in real-time using the Software-defined radios (SDR). In [181], authors estimate an empirical path
loss for up-link WUC (underground to above-ground) by incorporating the antenna properties as follow:

Lag = −147.6 + 20 log dag + 20 log f (13)

where dag denotes the path length. A summary of EM-based WUC is presented in Table 2.

Table 2. Summary of channel modeling for EM-based IoUT [182].

Ref. Data Rate Frequency Issue Addressed Applications Year

[164] - 1–10 MHz Propagation characteristics Seismic/Agriculture 1971

[165] - -
Structure of soil effect on
EM waves propagation Seismic/Agriculture 1973

[166,183] - 3–50 MHz Electrical characteristics of soil Seismic/Agriculture 1974 & 1976

[168] 1–100 bps - EM waves for borehole communications Oil & Gas 1990

[169] - 1–3 MHz
Impact of soil and
network parameters Agriculture 1990

[171] - 2–6 Hz
Investigation of depth
on the signal strength Oil & Gas 2009

[170] - 300–500 MHz Impact of soil type Agriculture 2009

[101] - - Development of the path loss model Agriculture 2010

[37] - - Test-bed Agriculture 2010

[174] - 0.3–1.3 GHz
Comparison of theoretical and
experimental results Agriculture 2011

[175] - 0.1–120 THz Channel model Oil & Gas 2012

[174,176] - below 500 kHz Propagation characteristics Agriculture 2012

[184] - 10–100 MHz Energy harvesting Seismic/Agriculture 2012

[177–179] - 433 MHz Propagation characteristics Agriculture 2014–2016

[180] - -
New transmitter and receiver
configurations to improve
the sensor node lifetime

Seismic 2016

[181] - 3.1–10.6 GHz
Impact of soil on ultrawideband underground
to above-ground communication link Agriculture 2017

[8] 124 Mbps 433 MHz
Multi-carrier modulation
for EM-based IoUT Agriculture 2017

[25] - 100–300 MHz
Using of the direct, reflected, and
lateral components of the underground
channel to improve the BER

Agriculture 2017

[185] - 433 MHz/2.4 GHz
Influence of depth on the
propagation of EM signal Agriculture 2017

[186] - 97–130 MHz Soil moisture sensing Agriculture 2018

[63] - 433 MHz
Estimation of relative permittivity
and soil moisture Agriculture 2019

[77] - -
Underground channel modeling
by using Maxwell-Poynting theory Agriculture 2019
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4.2. EM Networking

There exists a lot of work on channel model of WUC systems. However, the literature on routing
protocols in WUC is very rare. This section presents the few of the work done for networking protocol
of EM-based WUC. An example of multi-hop EM-based WUC for oil & gas and agriculture is shown in
Figure 8a,b, respectively. Multi-hop is the most feasible option for communication in WUC because of
its harsh environment and limited range. A highly populated sensor network for oil and gas application
is presented in [80,163] which uses multi-hop communication. A TCP/IP simulator is developed
by [72,187] for WUC system. Different multiple access schemes are evaluated in [188] It is shown
in [188] that low soil moisture and operating frequency increases the probability of path-connectivity
in WUC. A study increases the throughput of EM-based WUC in an effort to improve quality of service
(QoS) [188,189]. Effect of different soil properties is also studied under the effect of increasing number
of hops between source and sink nodes. In [33,190], authors investigated a relay-based approach with
load balancing for increasing the lifetime of WUC systems.

(a)

(b)

Figure 8. EM-based Network Communication Technologies in: (a) Oil and Gas reservoirs, (b) Agriculture [182].
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5. Mud Pulse Telemetry

Mud pulse telemetry (MPT) is one of the oldest method for down-hole communication which
was used for getting information on azimuth and inclination for wells navigation. It communicates
data using the circulation of the mud [29,191]. The mud is transferred from the above ground to
underground through pressure pulses via drill string during drilling [192,193]. A valve is used to
generate the pressure waves. The mud goes through this valve and pressure waves are controlled
to modulate the amplitude, phase and frequency of the mud pulse signal [194]. Three types of mud
pulse signals (positive, negative and continuous) are transmitted and controlled at surface to recognize
the pressure pulses [192] (see Figure 9). Various signal processing modules are used at surface for
this purpose. These pressure signals are encoded to carry the information which is important for
the application. It can carry temperature, conductivity and pressure etc. information of the well.
Although MPT technology is quite mature, however, some of the impairments impairments in MPT
systems are discussed briefly [71,89].

Figure 9. Types of Mud Pulse Telemetry (MPT) systems. (a) Positive pulses through fluid, (b) Negative
pulses through drill string (c) Continuous pulses through rotor [182].

• Mud Pump Noise. The down-link and uplink mud pulse signals are generated simultaneously by
the opposite movement of piston in the valves. This causes an interference between both type of
communication [32,195]. The pressure signal also has amplitude and frequency in the range of
1–20 Hz which can be noticed easily. Two well-spaced and different transducers are used at the
surface to minimize this effect [196]. Furthermore, mean square filtering algorithm is also used to
filter out the noise due to mud pumps [81,197,198].

• Attenuation and Dispersion. Unbalance drilling mud causes the propagating mud pulse signal,
in the borehole, to disperse and attenuate [199]. Another major source of attenuation includes:
mud type, frequency of the signal, depth of borehole, diameter and joints in the drill string.
Low frequencies can be use to minimize the attenuation effect of the signals.

• Rock Fragments and Gas Leakage. During drilling process, rock particles and gas in the mud can
change the density and compressibility of the mud. This change in mud properties causes a
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significant decrease in the speed of the signal. The gas leakage into the mud leads to unstable
drilling which in-turn can cause environmental pollution [85,86,200].

Table 3 summarize the work done on MPT systems in the literature.

Table 3. Existing Literature for MPT-based IOUT systems [182].

Ref. Frequency Depth Issue Addressed Applications Year

[192] 10–12 Hz 1.7 km
Generation, transmission, and
reception of mud pulse signals Deep water drilling 2001

[193] 30 Hz 0.5 km
Novel mud pulser which handle
the varying nature of the channel Oil & Gas reservoirs 2008

[194] 40 Hz -
Novel method by using a linear
actuator to generate pressure pulses Down-hole telemetry 2008

[201] 12–24 Hz 150 m
Adaptive noise cancellation
technique for the mud pump Underground Drilling 2018

[195] 1–20 Hz -

Novel decoding technique to
overcome the pump noise,
reflection noise, and random
noise for MPT systems

Underground Drilling 2007

[197] - - Down-hole noise cancellation Underground Drilling 2008

[199] - -
Novel MPT system for
under-balanced drilling Underground Drilling 2000

[199] 10–100 Hz -
Investigation of the pressure
wave propagation characteristics Oil & Gas exploration 2013

[202] - -
Method to detect increase or
decrease in the pressure for the
MPT systems

Oil & Gas exploration 2016

[203] 10–100 Hz -
Novel hard rock drilling technique
by using abrasive water Underground Drilling 2016

6. Acoustic Waves

The application of acoustic waves underground environment includes: exploring oil and gas
resources by geologist, communicating with underground equipment during drilling, earthquake
monitoring, seismic exploration and pipeline monitoring. The basic mechanism is measure the
reflection from propagation of transmitted acoustic wave. The acoustic based methods can be classified
into two basic types: active and passive. Passive methods uses the sensors to detect the infrasonic
signals due to some natural event such as volcanic explosion, earthquake, rock crack formation,
pipeline leakage and structural transformation. Active methods generate signals artificially by some
man-made explosions or vibration into the underground. The purpose is mainly to determine the
properties of earth sub-surface environment, e.g., reflection-based seismology (see Figure 10).

Acoustic waves have low propagation speed which makes them suitable for detection-based
applications. Authors in [93,157] studies speed of sound in soil by transmitting sound in multiple
soil samples and received sound waves through hydrophones. The provided an empirical solution for
the detection of the objects buried at 40 cm. Ref. [204,205] measures water content in the soil using
acoustic waves. A universal soil loss equation is derived in [206] using 16 kHz frequency. The soil loss
factor is givens Les = ρesτcm$ where ρ is the loss due to rain, εs adds soil erosion, τ adds topography of
soil, $ gives support factor practices factor, and cm gives cover management. Ref. [25,207,208] presents
SoilComm, a soil communication system, which can transmit data through the soil over the range of 30 m.
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Figure 10. Acoustic-based WUC in seismic monitoring [182].

In acoustic-based telemetry, a piezo-electric transmitter is used as an underground transmitter
along with the tranciever at the surface of the ground. The walls (steel) of the drill-string are used
as communication channel. Underground transmitter convert the data received from the sensor into
acoustic signal. This signal is then propagated to the surface through drill string. The capacity of
acoustic is calculated by following expression in [158]:

Ca =
∫

log2

(
1 +

Ps( f )
PNd( f ) + |H( f )|−2PNs( f )

)
(14)

where the terms PNd( f ) is the drilling noise, H(F) is the transfer function of the channel, PNs( f ) is the
surface noise, and Ps is the power spectrum of the signal. The data rate is the major issue. The signals
are highly attenuated because of drilling noise, hence, several repeaters (500–2000 m apart) are used
to strengthen the signals. To that end, many work has investigated the achievable data rate of the
acoustic-based systems. Fro example, data rate of 20 bps is achieved in [158] at depth of 3695 feet,
data rates of 20, 40, and 60 bps are achieved in [25,209] at depth of 1000 m. Similarly, data rates
of 20, and 6 bps are achieved in [27,210] at depth of 4.5 m and 55 m, respectively, for down-hole
communications. The authors in [210] uses magnetostrictive actuators for generation of acoustic waves.
the waves are then transmitted to underground through drill string and received back at ground
through geophones.

Correct arrangement of drill pipe is also important in acoustic communications. For example,
ascend-to-descend arrangement of drill pipes is best for the telemetry performance in down-hole
communication [211]. In [26,43,212], authors investigate the acoustic signal loss and noise because
of pipe joints. The effect of multiphase flow is studied in [213]. They proposed to use trellis coded
modulation scheme considering a depth of 1000 m to achieve a data rate of up to 400 bps.

Apart from the channel modeling of acoustic communications, there has been lot of work being
done in designing tranciever for acoustic communication. Fro example, a receiver is proposed in [214]
for communicating with drill string, [215] compares the single and multi-channel communication in
oil wells, [216] studies the feasibility of communication through drill string using acoustic waves in
different application. Apart from the work on the above stated aspect of acoustic communication,
the work is also being done in acoustic communication for rock failure [217], pipeline cracks [218],
and landmines detection [219]. A summary of Acoustic-based WUC is presented in Table 4.
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Table 4. Comparison of acoustic waves-based IOUT [182].

Ref. Data Rate Depth Issue Addressed Applications Year

[157] 500 53.76 Soil sampling Agriculture 2002

[204] - - Soil moisture detection Agriculture 2003
2004

[158] - - Down-hole communication Underground Drilling 2006

[209] 20 bps 1120 m
Field tests for
down-hole communication Underground Drilling 2007

[205] 20–60 bps 1000 m Soil moisture detection Agriculture 2010

[219] - -
Detection of mines
using acoustic waves

Underground
mines detection 2010

[217] - -
Detection of rock deformation
by using acoustic emission Seismic 2011

[210] - -
Impact of pipe joints
on signal transmission Underground Drilling 2013

[212] 6 & 20 bps 55 & 45 m
OFDM for down-hole
communication Underground Drilling 2013

[220] - -
Impact of multi-phase flow
with ASK and FSK Underground Drilling 2014

[213] - -
Trellis coded modulation for
down-hole communication Underground Drilling 2014

[221] 400 1000 Universal soil loss equation Agriculture 2015

[218,222,223] - - Detecting cracks in pipelines
Underground
pipelines
monitoring

2011
2015

[215,215,224] - -
Investigation of single channel
and multi-channel accelerometers Down-hole telemetry 2017

[224] - -
NC-OFDM for down-hole
communication Underground Drilling 2018

[207,208] - - Wireless data transmission in soil Agriculture 2018

7. Magnetic Induction

EM waves are high attenuated in the challenging WUC environment [83,170], hence, Magnetic
Induction based WUC system are being realized to overcome the disadvantage of EM-based
WUC [78,225]. This section discusses the three basic aspects of MI-based WUC: Channel Modeling,
Networking and Localization.

7.1. MI Channel Modeling

MI radios are equipped with induction coil which generates magnetic field that can be sensed by
the nearby coils. The size of the coil should not be large but moderate to cover long range in WUC,
i.e., 10–100 m. These coils operates at resonance frequency. Transmitter coil generates a time-varying
magnetic field which causes current to flow through receiver. The current through receiving coil in the
nearby coil. Figure 11a show the coil structure of basic MI tranciever. It is important for a successful
communication that both coil should be coupled properly, otherwise, there will be no communication.
Hence, a three directional coil structure, as shown in Figure 11b, is proposed in [100]. The link-budget
of MI-communication is given in [44,100] as:
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Figure 11. MI communication Technologies in WUC: (a) MI transceiver (b) MI waveguide [15].

Prj =
ωµPti Nrj r

3
ti

r3
rj

sin2 αij

16R0d6
ij

, (15)

where µ is soil permeability, Pti is the transmitted power, Nrj gives the turns in receiver coil, αij is
the angel between oil axes, resistance of the unit length loop is given by R0, rti and rrj are the radii
of transmitting and receiver coils, and dij is the distance between the transmitting and receiving
coil. Equation (15) , for link-budget, is experimentally validated by [100]. Using this channel
model, authors in [226] proposed many modulation schemes (QAM, QPSK, BPSK) for MI-based
communications, and [227] gave square wave with pulse width modulation. In [227], magnetic field
for transmitting coil (Equation (16)) and EM field for receiving coil (Equation (17)) is given as:

B =
µ0 Ir2nNt

2 (d2 + r2)
3
2

(16)

E = Nr AωB cos ωt (17)

where t is instantaneous time, A is the coil’s area, µ0 is the free space permeability, radius of the
coil is given by r, current is I, and Nt and Nr represents the turns in receiving and transmitting coil,
respectively. Similarly, voltage due to generated EM field is given as:

V =
ERl2

Rl2 + jωL + Zr
(18)

where L and Rl2 represents the inductance and resistance of the receiving coil. Zr is load resistance
which is given as:

Zr =
Rl

1 + jωC2Rl
(19)
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Solving Equation (18) after replacing E from Equation (17):

V =
Nr AωBRl2

Rl2 + jωL + Zr
(20)

The above formulation is used by [228] to give the received power as:

Pr =
V2

0 k2F2
1 F2

2Rl1 F1t

(21)

where voltage source is V0, F1 = ωL1
Rl1

+Rs
, k = M√

L1L2
, F2 = ωL2

Rl2
, and M = µ0πNt Nrr4

2(
√

d2+r2)3 . F1 is the quality

factor for transmitting antenna and F2 is for receiving antenna, F1t gives the instantaneous quality factor,
M is the mutual inductance and source resistance is given as Rs. In [228], authors also proposed a low
power and low frequency MI communication by estimating antenna size and coil turns. Moreover,
they modified the channel by adding the soil conductivity σ to M:

Mσ =
µ0πNtNrr4

2πd3 exp−αd, (22)

where α = 1√
π f µ0σ

is the attenuation constant. Authors in [229] showed better capacity and

communication range by using meta-material coil. The performance of MI-bases communication
system for sandy and stone type soil media was tested in [230,231] which concluded the receiver
sensitivity should be at −70 dBm. A summary of MI-based WUC addressing the physical layer issues
is presented in Table 5.

Table 5. Existing Literature addressing physical layer challenges in MI-based IOUT [182].

Ref. Frequency Issue Addressed Design Aspect

[225] 300 & 900 MHz Underground channel modeling for MI Channel modeling

[100] 0.02 & 30 MHz
Use of tri-directional MI coils for
omni-directional coverage and waveguides to
improve the transmission range

Channel modeling and
test-bed development design

[1] -
Discuss various issues for underground MI-based
communication Cross-layer solutions

[98] 10 & 300 MHz Path loss and bandwidth analysis for underground
MI communications Channel modeling

[232] 100 kHz
Path loss and capacity measurement for underground
MI link Channel modeling

[226] -
BPSK, QPSK, and QAM for the underground
MI links Modulation schemes

[227] 246 kHz
Use of pulse width modulation for underground
MI-based communication Testbed development

[228] 246 kHz Link budget calculation for underground MI link Path loss modeling

[233] 5 kHz Impact of soil conductivity on the underground MI link Channel modeling

[234] 75 kHz–30 MHz Soil path attenuation model and best frequency selection Channel modeling and
testbed development

[235] 300–900 MHz
Improving transmission range by
using relays and achieving higher voltage gain
with multiple parallel receiver circuits

MI-based multi-hop
underground
communication

[229] 20–50 MHz Meta-material for coil design to
improve transmission range and capacity Coil Design

[230,231] 10 Mhz To study the impact of different medium on the MI link Testbed Development
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7.2. MI Networking

MI-based system has practically very low communication range. This problem of low
communication range is solved by [236] using relay coils with optimum deployment strategies and
optimum number of relay coils. Minimum-spanning tree (MST) algorithm is used for calculating
optimal number of relay coils. However, MST is slow in failure scenarios scenarios such as coil
displacement and node failures. Therefore, Voronoi-Fermat (VF) algorithm replace MST to provide
robustness without increasing the deployment cost. [27,70,237] reduced the path loss by using the
relaying technique for MI-based communications. Authors in [31,62,238] recommended using meta
materials and superconductors in MI coil design for improved transmission range.

The bottleneck link’s throughput of an MI system is also investigated to improve the network
capacity [239]. It gives the channel capacity of link i as:

Ci =
∫ +∞

−∞
log2

(
1 +

Pti

Li · E{Pn}

)
d f (23)

where Pti , Li, and, E{Pn} is transmitted power, path loss, and noise power density, respectively. In [239],
authors used the Equation (23) to calculate the throughput as:

Ti =
Ci

Ndi

(
1 + Ninti

) (24)

where Ndi
and Nint are the total number of data streams and total number of interfering nodes,

respectively. In addition to throughput [239] also studies the optimal system parameters and network
topology. To summarize,it is concluded in [239] that throughput of a multihop MI communication
system can be increased by relaying and optimal orientation of coils.

For Quality of Service (QoS), [97] proposes distributed environment aware cross-layer protocol
(DEAP). DEAP, for a MI link i→ j, aims to achieve high throughput while consuming minimal energy.
The energy consumption is given as:

Eij = U

(
Pij

RijRcij

+ 2Eb

)
, (25)

where
Pij

RijRcij
gives the energy required to transmit 1 bit, and Eb electrical energy required to send

1 bit. Rij and Rcij gives the transmission rate and channel coding rate, respectively, and U is the total
length of the packet. Another two stage cross layer approach, namely XLayer, is given in [240] to
achieve high throughput for MI based communications.

Analysis in [241] shows that probability of a connected network is directly proportional (increases)
to the number of UTs and low soil moisture. The showed that for a particular node density and low
soil moisture (1%), connectivity of EM and MI WUC remains same However, if the soil moisture is
increased to 5% EM is disconnected and MI still does the communication. A summary of MI-based
WUC addressing the networking issues is presented in Table 6.
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Table 6. Existing Literature addressing challenges of network layer in MI-based IoUT [182].

Ref. Frequency Issue Addressed Design Aspect

[236] 10 MHz
Improvement of the transmission range and
robustness, and selecting optimal number of relays Deployment strategies

[238] -
Improvement of the transmission range
by using relays and meta-materials

Multi-hop
Networking/Hardware design

[237] 300–900 MHz Improvement of the transmission range
by using relays Deployment strategies

[238] 10 kHz
Use of meta-material shell for the transceiver design
to improve the received power Transceiver design

[242] -
Investigating the effect of coil orientation and
polarization on the channel capacity Interference minimization

[239] 2 & 2.5 MHz Throughput optimization Multi-hop networking
and interference minimization

[96] -
Optimization of system parameters for multi-hop
underground MI links Maximizing the data rate

[97] 7 MHz
Improving throughput, reducing energy consumption
and time delay Cross layer protocol

[240] -
Throughput, delay, and
energy consumption analysis Cross layer protocol

[243] 10 MHz
Transmission range enhancement by using
meta-material based relay coils Transceiver design

[241] 300–1300 MHz Connectivity analysis of multi-hop MI-based IOUT Transceiver design
,

7.3. Localization

Localization is considered one of the most important task for provision of location-based services in
wireless networks. Therefore, there has been lot of work on in the field of localization, e.g., terrestrial and
marine networks localization techniques are reviewed in [244,245], respectively. Localization techniques
are basically classified into three main categories: range-based, computation types, i.e., centralized
or distributed, and space-based, i.e., 2D/3D. However, localization techniques are not explored
extensively in underground environment because of harsh environment, congested operational area,
and lack of availability of global positioning system (GPS) signals. There has been efforts in providing
localization for harsh environments other than underground, e.g., indoor and underwater, but these
techniques are not feasible for underground applications [51].

In [246], Andrea et al presents a MI-based 2D localization technique for tracking underground
animals which was extended further to 3D dimension in [247]. Due to high attenuation effect of soil on
MI-propagation, the effect of mineral and rock on MI-based localization technique is studied in [248].
Another study [248] investigated that accuracy of localization is dependent upon the properties fo
underground materials. In [249], a programming-based relaxation technique is presented for the
localization of underground sensors.

In [250], a method to estimate a distance in MI-based WUC is presented. The accuracy of
localization technique is given by using an estimation bound, e.g., Cramer Rao lower bound (CRLB).
CRLB has been used for many wireless networks, e.g., IoT [251], source localization, cognitive radio
networks [252–254], radar tracking [255], and vehicular ad-hoc networks [256]. Authors in [257] derives
CRLB for MI-based WUC localization for Oil & Gas scenario, and considering network and channel
parameters. A summary of EM-based WUC is presented in Table 7.
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Table 7. Existing studies addressing localization in MI-based IoUT [182].

Ref. Frequency Issue Addressed Dimensions Applications

[246] 130 kHz
Development of MI-based 2D underground
tracking system 2D

Tracking of
underground animals

[247] 125 kHz Testbed for MI-based 3D underground tracking 3D Underground mining

[258] 125 kHz Testbed for MI-based 3D underground tracking 3D
Underground rescue
operations

[248]
1 kHz, 100 kHz,
& 10 MHz

Investigating the impact of minerals and rocks
on the localization accuracy 3D Underground monitoring

[259,260] -
Closed form solution for the distance
estimation based on MI channel 3D Underground monitoring

[249] 7 MHz
Using of semi-definite programming
for MI-based underground localization 3D

Oil and Gas
reservoirs monitoring

[261] 10 MHz
MI-based underground localization by
using a single anchor node 3D Underground monitoring

[262] 1 MHz
Machine learning approach for MI-based
underground target localization 2D

Underground rescue
operations

[257] 7 & 13 MHz
Analytical expression for the achievable
accuracy of MI-based underground communications 3D

Oil and Gas
reservoirs monitoring

7.4. Charging of MI Coils

It is important that WUC systems last longer for extended operations, hence, lifetime of such
system is an important parameter to consider. There has been much effort made in literature to
improve the life of such systems [8,22,263]. To that end, a charging method has been investigated
in [74,263] which uses the combination of a magnetic relay and optimized routing protocol to improve
the energy consumption of the system. However, an issue with the method proposed in [263] is that of
low charging efficiency even if the coil of moderate size is used. This problem is solved in [264] by
proposing an energy model framework. However, this problem of underground charging is still an
open area of research and energy harvesting can be used to solve this problem.

8. Wired Communications

Wireless systems reduces the complexity of the system, however, they are not able to achieve
the reliability and timely accuracy. Therefore, wired systems employing coaxial cables and optical
fibers are used for down-hole monitoring [94,95,265–267]. Intelliserv gave a high-speed telemetry
system using coaxial cable instead of EM-based system. This system significantly improved the
underground communication by accomplishing real-time bi-directional communication at 57,000 bps.
For a coaxial solutions [52,84,95], a strong cable is used along with the repeaters and inductive coils.
In [265] authors uses fiber optic cable to sense the temperature in oil & gas reservoir. In [266], authors
uses SNR characterization of channel to achieve down hole communication. Optical fibers have
replaced coaxial cable because of high data rate, therefore, this section majorly discusses the optical
fiber-based solutions.

Optical fibers have been used commercially and industrially for last two decades because of their
ability of withstanding harsh environment such as oil and gas reservoirs [268]. Authors in [268]
discusses the use of fiber optics in installation and deployment of sensors’ assembly, and data
measurement. They also discusses the temperature and pressure sensing system in the land well.
Finally, they concluded that Fiber Bragg Grating (FBG) sensors are suitable for such applications
because of their added advantage of high flexibility and scalability, and multi-point sensing. Another
system consisting of FBG sensors connected with the optical fiber using ultraviolet photo inscription
method [269] is shown in Figure 12.
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Figure 12. Fiber optic monitoring system for WUC [182].

An FBG-based monitoring system is proposed in [270]. This system monitors temperature and
fluid in oil-bore holes. The system performs the conversion of the fluid pressure using mechanical
transducer with fiber optic strain,. They calculated the strain of the transducer as:

s =
sl − λ(sr + st)

E
, (26)

where sl represents the longitudinal stress, sr represents the radial stress, st represents teh tangential
stress, λ is Poisson number and E gives the Young’s modulus. Equation (26) can be re-written,
after considering radii, ai (inner) and a0 (outer) of the tube.

s =
pa2

i (1− 2λ)

E(a2
0 − a2

i )
, (27)

where p denotes the pressure. In [271], information from two fibers is combined onto one by using
wavelength division multiplexing. They uses it for the temperate and pressure sensing in well-bore.
This is a cost effective solution as it senses both temperature and pressure simultaneously. The results
in [271] proves that the techniques is stable and accurate. An down-hole monitoring system was
deployed in shoreline of Marmara sea, Turkey, using optical fiber. to summarize, optical fiber
based underground systems are not effected by EM interference and provide high data rate for
the communication [272]. A summary of wired system is presented in Table 8.
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Table 8. Existing studies addressing wired communication solutions for IOUT [182].

Ref. Type Issue Addressed Application Year

[94] Optical fiber
Study on the use of optical fiber for
Oilfield industry Oilfield monitoring 2002

[95] Coaxial cable
Development of high speed down-hole
communication system Down-hole telemetry 2008

[265] Optical fiber
Down-hole communication
temperature sensing

Management of
oil reservoirs 2010

[266] Coaxial cable
Down-hole communication in the
presence of high pressure and high temperature

Management of
oil reservoirs 2013

[267] Optical fiber
Discussion on various applications of
fiber optic sensing Underground monitoring 2018

[268] Optical fiber
Development of fiber optic based down-hole
telemetry system Down-hole monitoring 2001

[269] Optical fiber
Review of fiber Bragg grating sensors for
down-hole monitoring Down-hole monitoring 2000

[273] Optical fiber
Field tests by using FBG-based
seismic geophones

Oil & Gas
reservoirs monitoring 2007

[271] Optical fiber
Multiplexing of temperature and pressure
FBG sensors

Oil & Gas
reservoirs monitoring 2012

[274] Optical fiber FBG sensors-based testbed development Geophysical observations 2015

9. Research Challenges & Future Directions

The development in WUC has extended the research possibilities in the area which give rise to
some research challenges as well. Therefore, this section presents the research challenges that are
being faced in this area. Moreover, Table 9 shows the importance of these research challenges in the
different applications.

Table 9. Research challenges for IOUT applications.

Research Challenge Agriculture Seismic Exploration Oil & Gas

Deployment Medium High High

Channel modeling Medium Medium High

Transmission range Low High Medium

Latency Low Low Medium

Reliability Low Medium High

Security Medium High High

Scalability Low Medium Medium

Robustness Low Medium High

Networking High Medium Medium

Cloud computing High Medium Low

Fog computing Low Medium High

Localization Medium High Medium
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9.1. Deployment

Deployment is a major issue in WUC application because of the harsh environment [51]. The smart
objects in WUC can easily be damaged by the above-ground activities, i.e., digging, plowing, harvesting.
Therefore, it is very difficult to manage and deploy in WUC as compared to the terrestrial networks.
The objects with high energy requirement should be deployed near to the surface so that frequent
battery replacement can be done easily. High capacity batteries and power saving protocols can also be
used to meet the requirement of high energy nodes.The deployment challenge become relatively severe
in WUC applications seismic and Oil & gas exploration because fo higher depth. Therefore, in [236],
a MI-based WUC is used with managed and organized orientation of coils to minimize the power
reflection. Authors have used different deployment strategies (horizontal and vertical) in [242] to
reduce the complexity. One important issue to consider is the path loss occurring due to heterogeneous
nature of soil. Unfortunately, there is very limited work on efficient WUC deployment which aims to
solve this challenge while considering various operational parameters [29,63,77].

9.2. Channel Modeling

The EM signal attenuation is much greater in soil as compared to the terrestrial networks [88,170].
The major factors contributing to this loss is the soil permittivity and conductivity which was the
reason why MI-based WUC were introduced. Each layer of the heterogeneous soil effects the magnetic
field differently. Given this behavior, technique of assigning a scaling factor to different depths is
used in [164]. In [85,275], the authors studies the propagation though the soil by calculating the skin
depth of each layer. In [98], authors have characterized the path loss for MI-based communication.
In [229], authors investigates the asymmetric transceiver to cope with the case of coils misalignment in
MI-based WUC. Path loss has been extensively studied for each type of the wireless channel, however,
few efforts have been made for WUC systems. Therefore, this area of WUC needs special consideration.

9.3. Transmission Range

MI-based WUC with all its advantages (not effected by boundary effects & multipath
fading [100]) has a disadvantage of limited transmission range. This is because of high path
loss in the soil. In [236,238,276], authors proposed usage of relay coils to extend the transmission
range. Similarly, [238,277] proposed usage of super conductors and meta-materials for this purpose.
Large coils were used in [249,278] with an aim of acheiveing high transmission range, however, it might
not be a practical solution. Therefore, achieving the long communication range for buried nodes is an
important research issue.

9.4. Latency and Reliable Communication

Latency and reliable communication is the primary requirement of the critical applications
such as Oil & Gas exploration. Late or incorrect sensors reading can be the cause of a major
disaster. WUC environment is the major hindrance in acheiveing the reliable communication.
Although, the reduced latency and reliability is one of the major requirement of the conventional IoT as
well [6,8]. However, in WUC, this issue needs more consideration due to tough operating parameters
and regulations of sub-surface environment. It is not possible to meet the WUC communication
requirement with any single system. For example, wired communication provides reliability and low
latency whereas wireless solutions are scalable with low complex. Therefore, it is important to develop
an WUC system with low latency, lower transmission delays and minimized sensor failures.

9.5. Security

Security is the least studied aspect of WUC systems. WUC security includes: security of equipment,
and security of communication protocols. Node replication, jamming the signal, and worm hole are
few potential security attacks that can occur in WUC systems. A security breaches can be used to raise
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false alarms. Responding to the frequent false alarms can exhaust the network resources. In [279,280],
authors discusses the security issues (e.g., forward and backward security) and malicious attacks
(e.g., node compromise attack) on cloud-based IoT. Authors in [281] uses the data tagging technique
for improved data security. They uses information flow control (IFC) for this purpose. A secure
IoT architecture using host identity protocol (HIP) and datagram transport layer security (DTLS) is
presented in [282]. Few studies [283,284] provides an extensive security survey in IoT. These studies
are targeted towards improving security in terrestrial networks, however, these can be modified to
WUC environment by introducing underground operational constraints. For example, old Oil & Gas
systems are being transformed to digital WUC systems. Therefore, it is required to update security
of such globally connected systems which, otherwise, in an event of cyber attack, can lead to some
disastrous situation. Blockchain technology can be also be used in WUC systems to deal with the cyber
crimes [25,48,285].

9.6. Scalability

Scalability issues can rise due to the factors such as: higher network density, high energy-consumption
of underground things, node failures, routing overhead, low memory of underground nodes,
and vendor-specific nodes can cause interoperability issues. Ref. [286] uses spatio-temporal stochastic
modeling for dealing with scalability in WUC. For tunnels, ref. [72,287] proposed an adaptive structure-aware
WUC system. Interoperability issue is discussed in [287] using middleware protocol. Heterogeneity of
sensor nodes is studied in [288]. The mentioned work deals with the scalability of terrestrial IoT, however,
these can be modified as per requirements of WUC systems. For example, high path loss in soil limits the
deployment of large wireless network. This problem is studied by [80,289] which uses the sink nodes to
connect with the sparsely buried sensor nodes. It uses the energy harvesting to increase the lifetime of the
nodes. Besides these solutions, it is important to efficiently develop a self-healing and self-organizing WUC
systems which can overcome the scalability issues.

9.7. Robustness

An underground channel is very unpredictable facing the issues like: energy constraints, dynamic
topology, sparsity of nodes. Hence, achieving robustness is very critical in WUC systems. A small world
model is proposed in [290] for the improvement of latency and robustness by considering the local
importance of smart objects. Extensive literature exist for the improvement of robustness in terrestrial
network [81,86,291], however, work in robustness in WUC is limited to the mining application.
For example, Ref [292] improve the robustness of an underground mining by using a wireless mesh
network. One of the major challenge in the WUC systems is to develop robust communication and
data gathering techniques. Communication range of EM waves in soil is highly limited because of
attenuation. However, magnetic induction is considered relative robust for communicating in the soil
but requires perfect orientation of the coils. The research of MI-based WUC for robustness is still not
mature and needs to be studied further.

9.8. Hybrid Sensing

Hybrid sensing systems includes the usage of multiple sensor systems and integration of their
signals, e.g., long-term underground fiber sensors can be combined with short-term ground penetrating
radars fro the purpose of detection and localization. SoilNet Systems [79,293] is an hybrid sensor
system which combines Zigbee network with wired communication. Zigbee network is used for
above-ground nodes and wired communication is used fro the underground nodes. A combination
of EM- and MI-based can be used for providing long-range downlink (EM-based) and short-range
uplink (MI-based) communication [249]. Therefore, hybrid sensing systems can improve the efficiency
of WUC systems.
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9.9. Software Defined Networking (SDN)

Software Defined Networking (SDN) provides robustness, scalability, reliability and secure
networking solution for WUC systems. It is different form conventional networking solution in that it
separates the control logic from the networking hardware. These advantages make its suitable for the
usage in underwater environment. A surface station can be any SDN controller which communicates
with the underwater sensors through in/out-band control channels [294]. The SDN-controller
will separate the data plane and controller plane. Such technique can also be used for WUC
systems [295,296]. SDN-based WUC will have lower network complexity, improved congestion
control mechanism, increased network life, efficient utilization of network resources, and reduced
latency. For example, SDN-based WUC for Oil & Gas can allow users to efficiently manage the
system by providing the global view of buried sensors nodes. SDN-based WUC can also be used in
agricultural applications for achieving a scalable network solutions. Furthermore, data visualization
can be used with SDN-controller for correlation of sensor data. These advantages of SDN paradigm
forces researcher to look into the possibilities of SDN-based WUC systems [76].

9.10. Big Data

Massive amount of data is generated by WUC applications (agriculture, seismic surveying,
and oil/gas fields). This data should properly organized, correlated and analyzed for making accurate
decisions [297]. Integration of big data and traditional IoT is already being studied extensively,
e.g., [89,298] presents the application of big data in IoT. In [299], authors studies the application
fo context-aware computing in IoT. These works motivate and presents an opportunity fo integrating
big data analytic with WUC system. For example, Oil & Gas WUC generates glut of data and managing
that data is the major concern of respective industries [81,83]. Similarly, geo-scientists spends major
portion of their time (nearly 50%) on managing data. Big data provides an opportunity to handle such
big amount of data and perform analysis. Therefore, proper data analytic tools must be developed for
the WUC systems.

9.11. Fog and Cloud Computing

Cloud/fog computing provides different feature (scalability, mobility, low delays, and location
awareness) of an efficient WUC systems. Cloud computing has been used for the management
purposes in Oil & Gas industries whereas fog computing has been used for reducing data traffic
and analysis of data at edge [74,300]. In Oil & Gas industries, huge data generated by the upstream
operations (e.g., drilling and seismic exploration) is a major challenge. Fog computing can be used
for provision of localized analytic of data being generated in real-time. It helps in minimizing
communication delays and faster event response. Moreover, time-critical applications require efficient
decision making procedure because it is possible that decision making opportunity is gone by the time
data reaches the cloud. Hence, fog computing should be integrated with WUC systems [71].

9.12. Efficient Localization Methods

Localization can result any many applications such as WUC monitoring, geo-tagged sensing,
and optimized fracturing. there are limited studies which tries to find location of buried nodes
of MI-based WUC. In [258], authors developed a testbed for tracking objects in MI-based WUC.
In [77,261], authors studies how mineral and rocks in underground environment effect the accuracy
of localization. The accuracy is also investigated in [85,86,257] for MI-based WUC. It is important to
note that localization work exist only for the MI-based and there is no work done in EM-, acoustic-,
and VLC-based WUC. Therefore, robust and accurate localization methods are required for these
WUC systems.
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10. Conclusions

The paper presents a detailed review on signal propagation in wireless underground communication
network. Section 1 discusses the importance and motivation to improve the underground communication
techniques differently than the traditionally available methods. In subsequent sections, an overview
of underground communication and types of channel involved in the underground communication
is presented. Various frequencies are discussed for the different channels that are involved in UG
communication. A detailed discussion on UG component and their difference from traditional over-the-air
(OTA) communication is given along-with the references from current literature. It is established
that underground communication module differs from that of OTA because of involvement of soil.
Various signal propagation methods and their feasibility in UG application is discussed in detail.
The propagation method includes: EM, MI, MPT, Acoustic and, wired solutions. Finally, the manuscript
is concluded with the discussion on research challenges in UG communication.
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